RIRCRAFT PERFORMANCE OPTIMIZATION WITH THRUST VECTOR
CONTROL¢U> AIR FORCE INST OF TECH WRIGHT-PATTERSON AFB
OH CCHOOL OF ENGINEERING M S FELLOMWS DEC 85
UNCLASSIFIED AFIT/GAE/AR/85D-~6

AD-A165 388

T
N
,
N
N
N
O
N
N

172




+

. E W EL

AR AN \.“!‘;i’(“"\.g .v‘ .\: “‘:{‘.x&-

ML LN G e AL
A B Bt i i) A i

Ao ANk AT A

~.5
T |

2 pa2
D b=
ol 2

="

L2 flis s

R

FEFERE

F
rre
e

MICROCOPY RESOLUTION TEST CHART
NATIONAL RUREAU DF  STANDARDS- 1604 &

R C

‘™ \} F\f,‘\_»:):{:._ X
: UL ' WY

Ax
"*f\}x \ m{\



AD-A165 388

DTIC

FLECTE
MAR 1 1 1986

AIRCRAFT PERFORMANCE OPTIMIZATION

WITHd THRUST VECTOR CONTROL

THESIS
Mark S. Fellows

AFIT/GAE/AA/85D-6

DISTRIBUTION STATEMENT A

Approvad for public reloasel
Distribution Unlimited

OTiC FILE COPY

DEPARTMENT OF THE AIR FORCE
AIR UNIVERSITY

AIR FORCE INSTITUTE OF TECHNOLOGY

Wright-Patterson Air Force Base Ohio




AFIT/GAE/AA/85D-6

K A M p A b ARl (e

1 {, ¢
] .
X
AIRCRAFT PERFORMANCE OPTIMIZATION h
r\l .
Wt »
:S WITH THRUST VECTOR CONTROL it
b
%! THESIS "
¥
. Mark S. Fellows ﬁ
i’ ‘
" )
o, AFIT/GAE/AA/85D~6 o
SE _

PR S
W d

'..'i‘x
whrl e

%
o
2 |
&
Approved for public release; distribution unlimited M
‘}.
7 :
>4 .
™
» 13

e

NCRTY "'\“'\’\ T AT A N L AL N NN TN ~ -.. ._-.-_ T R N \\. RRGELERL Y
T R G e O e R S h AL ) CRA G h RS Lo SN

RSt



AFIT/GAE/AA/85D-6

R

itA

e

dox Y 4

. >
N

o

Ty

[ .

AIRCRAFT PERFORMANCE OPTIMIZATION

WITH THRUST VECTOR CONTROL

THESIS

Presented to the Faculty of the School of Engineering
of the Air Force Institute of Technology
Air University
In Partial Fulfillment of the
Requirements for the Degree of

Master of Science in Aeronautical Engineering

Accesion For

NTIS CRA&!
DTIC TAB
Unannounced
Justitication

Mark S. Fellows, B.S.A.E.
Dist ibution |

Avaii ar

Availability Codes

Yt e we s e————

December 1985 Dist Special

A |

Approved for public release; distribution unlimited




R
T
X

A rxz Al

i

S Wa

<

:.".'f ’

Acknowledgements
List of Figures
List of Tables

List of Symbols

Abstract . . .

I.

II.

III.

Iv.

V.

VI.

VII.

Appendix A:
Appendix B:

Appendix C:

LA, ql' . 'Nl-_'-’,‘-" PP
‘p‘w “~ .,}.'I}" :)‘.,'h‘r‘ .,'.\.‘(’. 0

Introduction

Contents

Background . . . . . . . . . .
Problem Statement . . . . . . .
Assumptions . . . . . . . . . .
Summary of Current Knowledge .
Approach . . . . . . . ¢« ¢« «

The Aircraft Performance Problem

Phases of Flight . . . . . . .
Equations of Motion . . . . , .
Aircraft Characteristics . . .
Atmospheric Model . . . . . . .
Control Variable Constraints .

Aircraft Performance Equations of

Trimmed Flight . . . . . . . .
Functional Relationships . . .
Flight in the Vertical Plane
Flight in the Horizontal Plane
Summary . . . . ¢ ¢ s 0 e o0 a0

Motion

s s s e

Aircraft Performance Computer Program .

Optimization Techniques . . . .
Results . . ¢« ¢« +v v ¢ ¢ « o & &

Conclusions and Recommendations

LR

.

Alrcraft Performance Computer Program Data

Input

.
W

x

Results From Using the Traditional Equations of Motion

Regsults From Using the Complete Equations of Motion

{
)
Page :
)
C. . dd ,
4
co.. ddd
. o . vi :1
... vit :
« o e ix 4
. & e 1 N
1 :
2 )
... 3 !
3
5
... 6 .
g
11
. o . 6 ¢
7
... 10 !
. . 12 ‘:
... 13 3
(
... 15 '
e .. 17 ;
. .. 18 )
... 20 :
... 27 1
... 31 "
... 32 :
C e 36
L N T 39
... 53 3
;
. .. 54 -
67 E:
88
0

*

S R A S A A A L RS S L
N \ 0 3\‘*.!"} \‘&'\".\ " ’,,J‘- AN E N F,,\\ |
LhUEERTEA BTN NTAE W



Results for Subsonic Cruise e s s+ e s e« . . . 109

s B X

Appendix D:

Bibliography . . . . . . . . .

e 17 - S B b




W

B

Acknowledgements

I would like to thank my thesis advisor, Dr Curtis Spenny, for
contributing much time and effort in helping me complete this project.
I also appreciate the help and advice given by my thesis committee,
consisting of Dr Robert Calico, Capt Lanson Hudson and Dr Peter Torvik.
I would also like to thank the members of the sponsoring organization
that contributed to this effort, in particular, Jerome Fornmer, Richard
Dyer, Jacqueline Harris, Richard Johnson and Lt Charles Brink. Finally,
I would like to thank my wife, Kathy, for her support and understanding

during the 18 month program at AFIT.

ii

'n

T T e T A e NP C e [ R P S
. k3 - L) g el N »



3
E
| List of Figures 3
ﬁ Figure Page '
:::; 1. Aircraft Performance Problem . . . « « « ¢ ¢ ¢ « o o o o o« o 9
’ 2. Definition of Thrust Vector Angle . . . . . . . . ¢« + « « « . 15 '
a 3, Trimmed FILGht + « v + & & 4 « o o o o o o s e e e s s v e . 18 _
" 4. Thrust's Contribution to LIft . . . . . . ¢ ¢ ¢ ¢« v ¢ ¢ & & & 33 :E
"::3 5. Flight Envelope, Military Power . . . . . . « ¢« « « « « &« o« . 42 ]
?}3 6. Flight Envelope, Maximum A/B Power . . . . «. « « « « o« « o« . . 43
& 7. Sustained Turn Rate, Sea level (Case 1) . . .. ... ... . 68 :
3 8. Sustained Turn Rate, 10,000 ft (Case 1) . . . . . . ... .. 69
9. Sustained Turn Rate, 20,000 ft (Case 1) . . . . . . . « + .« . 70 N
-r: 10. Sustained Turn Rate, 30,000 ft (Case 1) . . . . . . . . . . . 71 i
11. Sustained Load Factor, Sea Level (Case 1) . . . . . . . . . . 72
. 12. Sustained Load Factor, 10,000 ft (Case 1) . . .. . .. ... 173 t
.E 13. Sustained Load Factor, 20,000 ft (Case 1) . . . . . . . . . . 74 ‘t
- 14, Sustained Load Factor, 30,000 ft (Case 1) . . . . . .. ... 175 >
g, 15. Specific Excess Power, Military Power, Sea Level (Case 1) . . 76 '
Ko 16. Specific Excess Power, Military Power, 10,000 ft (Case 1) . . 77 "
& 17. Specific Excess Power, Military Power, 20,000 ft (Case 1) . . 78 -':
3__ 18. Specific Excess Power, Military Power, 30,000 ft (Case 1) . . 79
19. Specific Excess Power, Maximum A/B Power, Sea Level (Case 1) 80 )
{?& 20, Specific Excess Power, Maximum A/B Power, 10,000 ft (Case 1) 81 J:
jj 21. Specific Excess Power, Maximum A/B Power, 20,000 ft (Case 1) 82 11
\e 22. Specific Excess Power, Maximum A/B Power, 30,000 ft (Case 1) 83 3
é 23. Thrust Required, Sea Level (Case 1) . . . . . . . . . .« . .. 84 n:
24. Thrust Required, 10,000 ft (Case 1) . . . . . « + v « « . . . 85 3
iii ¢




i 25, Thrust Required, 20,000 ft (Case 1) . . . . . . . . . .« « . . 86

26. Thrust Required, 30,000 ft (Case 1) . . . . . . . . . . . .. 87
iz 27. Sustained Turn Rate, Sea Level (Cases 2 & 3) . . 89
2o

28. Sustained Turn Rate, 10,000 ft (Cases 2 & 3) . . . . . . . . . 90

29. Sustained Turn Rate, 20,000 ft (Cases 2 & 3) . . . . .. .. . 91

30. Sustained Turn Rate, 30,000 ft (Cases 2 & 3) . . . . . . . . . 92

e 208

31. Sustained Load Factor, Sea Level (Cases 2 & 3) . . . . . . . . 93

AL

32. Sustained Load Factor, 10,000 ft (Cases 2 & 3) . . . . . . . . 94

33. Sustained Load Factor, 20,000 ft (Cases 2 & 3) . . . « . + « . 95

g

34, Sustained Load Factor, 30,000 ft (Cases 2 & 3) . . . . . . . . 96
. 35. Specific Excess Power, Military Power, Sea Level (Cases 2 & 3) 97
AT
o 36. Specific Excess Power, Military Power, 10,000 ft (Cases 2 & 3) 98
ii 37. Specific Excess Power, Military Power, 20,000 ft (Cases 2 & 3) 99
38. Specific Excess Power, Military Power, 30,000 ft (Cases 2 & 3) 100
39. Specific Excess Power, Maximum A/B Power, Sea Level
(Cases 2 & 3) . . v v v 4 v 4 s e e e e e e e s e e e e e .. 101
40, Specific Excess Power, Maximum A/B Power, 10,000 ft
> (Cases 2 & 3) . v v v v v e e o o e e e e e e e e e e e e .. 102
“ 41. Specific Excess Power, Maximum A/B Power, 20,000 ft
x (Case8 2 & 3) . v & ¢ v & v e o e e v e e e e 4 e e e e e . . 103

42, Specific Excess Power, Maximum A/B Power, 30,000 ft
(CaBeB 2 & 3) v v v v v v e s e s e e e e e e e e e e e . .. 104

e

43, Thrust Required, Sea Level (Cases 2 &3) . . . . . . . . . . . 105

S

b

44, Thrust Required, 10,000 ft (Cases 2 & 3) . . . . . . . . . . . 106

i: 45, Thrust Required, 20,000 ft (Cases 2 & 3) . . . . . . . . . . . 107
d 46. Thrust Required, 30,000 ft (Cases 2 & 3) . . . . . . . . .. . 108
& 47. Specific Range, 30,000 ft (Case 1) . . « » « o o « o o o . . . 110

48, Specific Range, 35,000 ft (Case 1) . . . . . . . . . . . . . . 111
¥



49.
50.
51.

52.

Specific Range,
Specific Range,
Specific Range,

Specific Range,

40,000 ft (Case 1)
30,000 ft (Cases 2 & 3)

35,000 ft (Cases 2 & 3)

40,000 ft (Cases 2 & 3)

.

112

113

114

115

A O

AR

T v e
-k

YL Y v




IEAAANN 7

List of Tables

5

} Table Page
5
) 1. Results: 0.7 Mach, 10,000 feet . . . . « + « « « o « « « . . b4b

II. Results: 0.8 Mach, 10,000 feet . . . . . . . ¢« ¢« + « . « « o 45

&= -]

III. Results: 0.9 Mach, 10,000 feet . . . . . . ¢« ¢« ¢« « « ¢« « « . 46

IV. Results: 1.0 Mach, 10,000 feet . . . . . ¢« « « ¢« « o « « « . 47

=23

V. Results: 0.8 Mach, 20,000 feet . . . . + « + « « « « + « . . 48

G |

4 VI. Results: 1.0 Mach, 20,000 feet . . . . +« + « ¢« « & « +« « + o 49
52 VII. Results: 1.2 Mach, 20,000 feet . . . . . « « ¢« « &« « « « « « 50
VIII. Results: 0.9 Mach, 30,000 feet . . . . . . . + + + + + + . . 51

lgﬁ IX. Results: 1.4 Mach, 30,000 feet . . . . . v v « « ¢« « « « « o 52




e
Rz £%

List of Symbols

drag coefficient

1ift coefficient

11ft curve slope due to angle of attack

1ift curve slope due to canard
drag

energy

gross thrust

net thrust

gravitational constant
altitude

induced drag coefficient
distance from canard to center
distance from canard to center
distance from nozzle to center
distance from nozzle to center
life

aircraft mass

Mach number

load factor

specific excess power

dyﬂamic pressure

sideforce

specific fuel consumption

wing reference area

fuel flow slope with thrust

vii

deflection

of gravity parallel to
of gravity parallel to
of gravity parallel to

of gravity parallel to

x—axis

z—-axis

x—-axis

z—axis

-~

. e
AL

- e

AR

o o

LY ]



2

b ]

x -
w
Uy Y -
o

a -
L3
> Y -
Vs

a1 € -
5%
o
u -
[ ’ i
™ -
9%
- 0 -

Subscripts
e -

WB -

Y . - - . -
- ST - e

fuel flow at zero thrust
thrust

velocity

aircraft weight
downrange

crossrange

angle of attack

flight path angle
canard deflection angle
nozzle deflection angle
thrust angle of attack
bank angle

thrust sideslip angle
thrust power setting
air density

aircraft angle

heading angle

canard
wing/body

zero lift condition

R SR

viii

B
e L ._','. . W T e, A - P ‘. . N ‘ .

. 5 v R VL R < et T R R A A R A I S
st et s L g ey e CRER T ARRE R RV ERPR T OV R W W WO IOV O Y AR P PR . VR R YK VTP VR W

St -

.A. .
it ’.'-
_} a_w_aN_

2t

.
L
T

L4

~y
-

-

2

SRR

»
A

‘7.

JCY
PRI

e et

R P

)

IR
»or

"

'l ‘l




-

.

-

Bl 2 s a2 K & 2

W VaTaTgtyly,

et

;3 -
- ‘l'i

TA

el

_1)
s

&(‘

e T e P e S ML S S N T T IS Y S S U P NP Iy
R e o e S e N i
2L M . v, - » e

Abstract

The objective of this investigation is to determine to what extent a
highly-maneuverable aircraft's overall performance capability is
enhanced by thrust-vectoring nozzles. The resulting performance
capabilities are compared to a baseline configuration with non~thrust-
vectoring nozzles to determine the effects and advantages of thrust
vectoring.

The results indicate that the use of vectored thrust can
significantly increase an aircraft's performance capability in turning
flight. The greater the demand on the aircraft in a turning combat
scenario, the more the aircraft utilizes its thrust-vectoring capability
to complete the task. The results also indicate that the use of
vectored thrust in other phases of flight -- such as cruise,
acceleration and climb —- only slightly increases an aircraft's

performance capability.
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o AIRCRAFT PERFORMANCE OPTIMIZATION WITH THRUST VECTOR CONTROL

I. Introduction

Background

. A fighter aircraft's performance capability mainly consists of a
combat mission radius associated with its close-in combat
- maneuverability. By evaluating the aircraft's performance

= characteristics in segments which, when added together, define the

y
Fiyy

combat mission profile, the design of the fighter aircraft can be broken

down into three parts: climb, cruise and combat. The aircraft's

maximum climb performance is determined by the engine's maximum
N available thrust; optimum cruise performance is determined by its
% aerodynamic and propulsive efficiency; and combat performance is

determined by maximum turning capabilities -— dictated by structural and
angle of attack limits.

In an effort to improve a fighter aircraft's performance without
~ changing the basic design, the Air Force is currently investigating the
o use of vectored engine thrust by developing the F-15 short takeoff and

landing (STOL) demonstrator. By installing advanced aerodynamic and

?: propulsion control concepts on an "off-the-shelf"” F-15, the Air Force

; expects the F-15 STOL/maneuver technology aircraft to "yield combat

S; performance and runway flexibility improvements of a magnitude normally
" assoclated with the development of an entirely new aircraft” (1). The
3

primary modifications to the F-15B two-seat flight test aircraft will be

“"the addition of controllable canards above the engine inlets forward of

Ca2

the main wing of the aircraft” and "two-dimensional nozzles at the rear

.:_:
1
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y ii of the F-15's Pratt and Whitney F100 engines.” The F-15 STOL

M demonstrator is expected to begin flying in 1988, testing these
K" 59 "potential applications to the next generation of Air Force combat
SN
?k aircraft.” The Advanced Tactical Fighter, nicknamed as a

i
_f‘ !E “superfighter,” might employ vectored engine thrust -- "an especially
\‘q
S welcome feature in a superfighter because of its small wings" (2).
%, uk,
s

o e Several studies present optimal controls and trajectories to

ﬁ? minimize an aircraft's turning time, one aspect of an aircraft's overall

B~ ‘e
{i: performance capability. Humphreys, Hennig, Bolding and Helgeson (3)
X vy .

e ;s investigated three-dimensional aircraft dynamics. Johnson (4) included

the possibility of in-flight thrust reversal. Finnerty (5) constrained
the maneuver to the vertical plane. Brinson (6) considered the effects
of sideforce and Schneider (7) considered the effects of vectored thrust

1 in reducing the time to turn. Johnson, Brinson and Schneider all found

1Y
Py
X f :i substantial benefits in utilizing additional controls to reduce an

In e

%
v alircraft's turning time in three-dimensional flight. This study, in
‘{ !; contrast, investigates a highly-maneuverable tactical aircraft's overall
~
l‘: . performance capability enhanced by thrust-vectoring nozzles and
e -
»h; - restricts turning flight to the horizontal plane.
wd tf
o - Problem Statement
'Ii ;i This investigation seeks the thrust vector angle schedules which
",,i{ Sa

! will optimize various air combat energy maneuverability parameters --
‘ﬁ: -ﬁj including specific excess power, maximum sustained and instantaneous
.E . turn rate, and the power setting required to sustain a given load factor
.o
[y M
t and energy level,

W
.'- = 2
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The controls to be optimized are nozzle deflection angle and thrust b

7

sideslip angle (where applicable). These controls are to be considered 5

i

1 unconstrained initially and subsequently constrained to practical )
}’ physical limits as dictated by the F-15 STOL demonstrator design. ;?
!! To evaluate the effects of thrust vectoring on fighter aircraft ?_
) performance, the optimal thrust vector angle schedules and associated g
r performance results will be obtained and compared against the results of ti

a pnon-thrust-vectoring configuration.

s |

Assumptions "k

Several assumptions regarding the aircraft, its dynamics and the

‘Z * . »

controls are incorporated into this study. These dssumptions are not -

R
e

only necessary to reduce the complexity of the problem to manageable f

proportions, but are common in this type of study as a source of

< WK

A
" '."

meaningful comparison of results. The assumptions are: .y

<

1. the aircraft is a point mass

qe

flat, non-rotating earth

3. NASA 1962 Standard Atmosphere (8)
. 4, constant gravitational acceleration
” 5. coordinated turn (no sideforce)

f. 1instantaneous controls

L
]

Lty

s Summary of Current Knowledge
- Aircraft performance analyses done within the Air Force and industry =
AS) "~
N Ay
have traditionally been done using graphical and analytical methods with =)
o o
E’ underlying assumptions that the angle of attack and thrust vector angle
. are small and consequently neglected. In the case of highly- 5;
::: ;.
3
.
. .
"_
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maneuverable aircraft utilizing large angles of attack and high thrust-
to-welght ratios (such as the F-15 and F-16), the negligible angle of
attack assumption becomes less accurate but will yield acceptable
conservative results. In the case of the F-15 STOL demonstrator where
thrust-vectoring nozzles will be used, the thrust vector angle becomes a
primary control variable and will directly influence the canard
deflection.

Current aircraft performance computer programs in use throughout the
Air Force are typically generic -- meaning that they are applicable to
nearly every type of Air Force aircraft, such as cargo, transport,
trainer, attack and fighter aircraft. To keep the programs from
becoming too complex, the small angle of attack and thrust vector angle
assumptions were built into the logic since there was no real need for
these capabilities at the time. With the advent of the F-15 STOL
demonstrator program and its eventual Advanced Tactical Fighter
applications, the inclusion of angle of attack and thrust vector angle
as additional control variables in optimal performance analyses has
become a necessity for aircraft performance engineers.

There is only one aircraft currently in production and service in
the United States that utilizes thrust-vectoring nozzles -- the AV-8
Harrier, flown by the United States Marine Corps. The Harrier is
capable of vectoring its four exhaust nozzles through angles of

approximately 100 degrees, giving it vertical and short takeoff and

landing capability (V/STOL). Low speed pitch, roll and yaw attitudes

are controlled by six small reaction control jets placed in appropriate

locations on the aircraft and are integrated into the flight control




‘~.
o ad
el

.

d et Pt

iﬁ system. The Harrier uses its thrust-vectoring capabilities mainly to
provide direct lift since the exhaust nozzles are symmetrically located Y
;3 about the aircraft's center of gravity. The F-15 STOL demomstrator, on 3
. {
the other hand, uses its thrust-vectoring capabilities to provide both 'j
E direct 1lift and pitch control through its integrated control system that -
= governs the nozzle deflection angle/canard deflection interaction. ?
s s
- Approach
%2 Definitions of all aspects of the aircraft performance problem E
N including models and constraints are discussed in Section II. The p
= derivations of the equations of motion of an aircraft in straight and 1
;E level flight, climbing flight and turning flight are presented in &
. Section 1III. These equations of motion include the angle of attack and %k
i. thrust vector angle contributions which are traditionally neglected. A ;
}z direct comparison of the traditional equations of motion is also covered év
B in this section. The changes necessary to transform the traditional a
‘; equations of motion in an existing aircraft performance computer program -
‘ . to those that include angle of attack and thrust vector angle are Ev
gg discussed in Section IV. The methods used in optimizing the aircraft's E
i

performance with vectored thrust are presented in Section V. The

AR |

results of this study are then discussed and the use of thrust vectoring

is compared to the non-thrust-vectoring baseline in Section VI.

)
4

A

Finally, conclusions and recommendations are given in Section VII.
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I1. The Aircraft Performance Problem

Before results can be analyzed and compared, it 1s necessary to
completely define all aspects of the problem. The problem will be
defined in terms of the different phases of flight to be investigated,
the characteristics which model the aircraft, atmospheric properties,

and practical physical constraints on the control variables.

Phagses of Flight

The different phases of flight are determined by setting certain
state variables and/or their derivatives equal to zero and letting the
other state variables vary within the optimization. The phases of

flight included in this study are:

1. straight and level flight
a. acceleration
b. cruise

2. climbing flight

3. turning flight
a. sustained turn

b. 1instantaneous turn

The takeoff and landing phases are not included since they require an
optimal trajectory analysis beyond the scope of this study. This study
concentrates on the aircraft's mission performance applications, which
treat the takeoff and landing portions of a mission profile as segments

of flight that use fuel with no time or range considerations. With the

et
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phases of flight included in this study and appropriate approximations

for takeoff and landing, a typical fighter aircraft mission profile can ‘
be analytically performed. 3
&
.-
Equations of Motion "
The equations of motion for flight of a point mass aircraft over a -4.
Ny
flat, non-rotating earth are derived by Miele (9:42-49) as .
. .i':_'

X =V cosY cosX (1) X

G
)

Y = V cosY sinX (2) »
]
{
Ehss
h =V sinY (3) 7

mV = T cos€ cosV - D - mg sinY (4) o
A-"(
. . 1 s,
X cosH cosY ~ YsinM = 1 {T cose sinv ~ Q + mg sinyu cosy} (5) "
. . ) 1;

X sink cosY + YcoskH = {T sin€ + L - mg cosl cosY} (6) .\:
The definitions of all the variables used in this study are contained in .4
the List of Symbols preceding the Abstract and are shown pictorially in -
Figure 1. Since this study does not allow for sideforce, Q = O, A
Rearranging, the equations of motion become -_:
t!
X = V cosY cosy (7 e

-~
7 3
N

a
]

x 1‘}
r.
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3
Y =V cos Ysin X (8) o
:Z
. h=VsinY (9) =
' : D il
ol V= { cos €Ecos V- 33 ~ sinY} 10 0
2 & "W W (10)
1:.;_ (]
. -
~ . T L o
A X = V‘;;ﬁ‘; {W(COSE sinv cosk + sine sinu) + W sinp} (11) >
% ’ T L E}i
Y = % {ﬁ (sin€ cos¥ - cos€ sinV sinu) + W cosH - cosY! (12) {i{
- Ny
& g
[ :
K-, These equations are written in the wind axes and describe the aircraft §$1
. Ry
motion with respect to an earth-fixed coordinate frame. The state El

variables are X, Y, h, V, X and Y. The variables U, € and V are

. control variables. The aircraft weight (W) is considered constant for ky.
A the point performance calculations, but will vary when used in quasi- ;{
2
KEN
- steady integrations.

o
The 1ift, drag and thrust forces will be discussed in the next :\S

RN

;: paragraphs and will give rise to three more control variables. t'
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Alrcraft Characteristics

The common coefficient forms of the aerodynamic 1lift and drag forces

are
L2
L= 'V scp (13)

2
D= %oV S Cp (14)

From incompressible aerodynamic and thin airfoil theories, the 1ift and

drag coefficients can be expressed as

c 0WB WB

= C + =C + o + + s (15)
GO *Gh O O Ty T e
Cp=Cy *+C =¢p + Ko cLWB +Cy +K, cf (16)

which shows that the 1ift coefficient is a linear function of angle of
attack (@) and canard deflection angle (5c) and that the drag
coefficient varies parabolically with 1ift coefficient. These simple
yet descriptive relationships give rise to the terms "linear 1lift curve
slope” and "parabolic drag polar” and identify the control variables
associated with the aircraft's aerodynamics. The aerodynamic 1lift and
drag data used to model the aircraft in this study, however, have been
derived from flight test and analytical methods and exhibit the same

trends as the linear 1lift curve slope and parabolic drag polar. These
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data, contained in Appendix A, realistically model the aircraft's

aerodynamics with angle of attack and canard deflection angle as control

variables.

The engine data is also derived from flight test and analytical

methods and does not resemble the ideal jet theory where engine thrust

is considered only as a function of altitude.

The thrust and fuel flow

characteristics can be written ideally as

17)

1
sfc =7 (tffT + to) (18)

where Tmaxis a function of velocity and altitude and the thrust power

setting (7) 1s the control variable associated with the aircraft's

propulsion system.

These data are also contained in Appendix A.

The formulation of the 1lift, drag and thrust relationships has

introduced several aircraft parameters and three control variables: o ,GC

and 7.

Approximate values for the aircraft parameters in the case of

the F-15 STOL demonstrator at a Mach number of 0.8 and an altitude of

30,000 feet are:

Cp = 0.05 (1l/degree)

[0 ]
KW-OJS
N e e N

P

= 0.0013

C; = 0.0145 (1/degree)
8

(o

K.= 0.105

11
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2
S = 608 ft W = 35,000 1b

Thax = 10,900 le (Military Power)

Thax = 22,968 1bp (Maximum Afterburner)

tep = 0.833 lbf/(le hr) (Military Power and below)

teg = 2.142 1bg/(1by hr) (Maximum Afterburner)

ty = 1000 1bg/hr

These values were used initially with the linear 1lift curve slope,
parabolic drag polar and engine thrust equations to test the techniques
developed for optimizing aircraft performance with thrust vector angle,
while the results presented in this study are based on the data iu

Appendix A,

Atmospheric Model

The NASA 1962 Standard Atmosphere (8) was used for this study and is
limited to the first two layers of the lower atmosphere. This
atmosphere is modelled from sea level to the tropopause (36,089 feet) as
a linearly decreasing temperature layer, and above the tropopause as an
isothermal layer -- the troposphere and stratosphere, respectively. The

aircraft performance program used in this study is programmed with the

12
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Control Variable Constraints

Three control variables —- the throttle setting (m), angle of attack
(¢) and canard drflection (GC) —-— are constrained by physical
considerations. The thrust can neither be greater than the maximum
thrust nor less than the minimum thrust of the particular power setting
being used. The F-15 is capable of throttling both the military and
afterburner power settings. The minimum thrust for the military power
setting 1s taken to be zero, while the minimum thrust for the
afterburner power setting is taken to be 100%Z military power. The scope
of this study, however, will only be concerned with throttling military
and not the afterburner power setting for cruise and turning performance
calculations. Since the throttle setting is defined in equation (17) in
terms of the maximum thrust, the throttle setting is limited to

0 <7< 1 for military power

T=1 for afterburner power

Each 1lifting surface is limited by its own aerodynamic 1lift limit
and the total 1ift generated is limited by the aircraft's maximum load
factor. Individually, the angle of attack and canard deflection can not
exceed their stall points; collectively, the angle of attack and canard
deflection can not generate more 1lift than is tolerated by the
aircraft's maximum load factor. Since the canard is used to trim out
the pitching moment caused by the deflection of the thrust vector, the
canard surface is assumed to be designed such that its stall point is

never reached in normal . hrust vectoring applications to maintain pitch
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control authority. In this case, the aircraft is constrained by an

angle of attack limit (defined by a C| of 1.6) and a thrust vector
ma

angle limit and not constrained by a can:rd deflection limit.

In turning performance, the velocity where the aircraft is at its
maximum angle of attack and maximum load factor is the cormer velocity.
The corner velocity is the velocity at which the aircraft achieves its
maximum turn rate. At speeds below the cormer velocity, the aircraft is
limited by its maximum angle of attack. At speeds above the corner
velocity, the aircraft is limited by its maximum load factor (9 g's).

No constraints were placed on the thrust angle of attack (€) and

thrust sideslip angle (V). While the F-15 STOL demonstrator will have

limits on its nozzle deflection angle (Sy)
o o
=20 < 83 <+20

this angle was allowed full range in order to determine how much range
of thrust vectoring would be exploited if it were available. The
effects of constraining the two thrust vector angles were later examined
and are discussed in Section VII.

The aircraft's velocity 1s constrained by the lesser of the
following: a dynamic pressure limit determined by the aircraft's
structural and flutter characteristics (q = 2131 lb/ftz); or the
aircraft's Mach number limit determined by temperature or engine limits

(M = 2.5). No constraint was placed on the bank angle (u).

14
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III. Aircraft Performance Equations of Motion

Miele's equations of motion for flight of a point mass aircraft over
a flat, non-rotating earth as discussed in Section II use the thrust
sideslip angle (V) and thrust angle of attack (¢) as the angles of
successive rotation to which the wind axes must be subjected in order to
turn the velocity vector in a direction parallel to the thrust vector,
When a pair of body-fixed reference lines are introduced into the
derivation of the equations of motion (as depicted in Figure 2), the
thrust angle of attack control variable is found to be dependent upon
the aircraft's angle of attack (@) -- a control variable derived from

the aircraft's aerodynamic characteristics.

¥

Figure 2 —- Definition of Thrust Vector Angle
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The nozzle deflection angle (5N) replaces the thrust angle of attack as

the second angle of rotation in the definition of the thrust vector
orientation, with the body-fixed engine centerline replacing the
velocity vector as the reference orientation.

for no sideslip, the thrust sideslip angle definition is unchanged.

Since this study allows

The

nozzle deflection angle and thrust angle of attack are related by the

equality
e=48_+1 +a .,
The equations of motion now become
i = V cosy cos ¥
é =V cosy siny

h =1V siny

< .
]

__g__{_T_
Vcosy W

< .
[}

&{l

< .
]

L
+ 7 cosu

T D
gl w cos(<SN + T +a) cosv - W siny}

[cos(8 + T + a) sinvcosu+ sin(8y + T + o) sinu]

+ L sinu}

v w[sin(6N + T+ a) cosp - cos(6N + T + a) sinv siny]

(19)

(20)

(21)

(22)

(23)

(24)

(25)
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The first three equations are kinematic relationships and the second

three equations are dynamic relationships.

Trimmed Flight

Since the aircraft is considered to be a point mass with all forces
acting at the center of gravity, there must be no net moments acting on
the aircraft. In the case of the F-15 STOL demonstrator, however, a
deflection of the nozzle will cause a moment since the nozzle's point of
action is not at the center of gravity. The addition of the canard in
the F-15 STOL demonstrator design allows for balancing the moment
induced by the nozzle deflection by deflecting the canard appropriately.
This interaction results in an additional constraint equation relating
the canard deflection and the nozzle deflection. Since the F-15 STOL
demonstrator design does not have a sideforce generator to balance a
moment caused by deflecting the nozzle out of the aircraft's plane of
symmetry, the thrust sideslip angle (v) must be set to zero for trimmed
flight.

The additional constraint equation relates the canard's aerodynamic
characteristics to the thrust (T), nozzle deflection angle, the aircraft
angle of attack and the aircraft's dimensional characteristics (1C R

X

lc . 1N . 1lq) by balancing the moments induced by the nozzle and canard
z X Z

deflections:

c
X z

1 [LC cos® + D sinca] + 1c [LC sind - D cos?]

+ 1N (T sin(dN +1 )] + 1y [T cos(GN +1t)] =0 (26)
X z
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The 1lift and drag of the canard (LC and DC) are functions of the canard
deflection control variable in the same manner as the lift and drag of

the aircraft are functions of the angle of attack control variable.

Figure 3 -- Trimmed Flight

Functional Relationships

The final set of equations governing the motion of the point mass
aircraft is composed of three kinematic relationships, three dynamic
relationships and one trim constraint equation. The trim constraint
equation transforms the aerodynamic characteristics of the aircraft from

a function of four variables to a function of six variables:

L =L(h, V,a,6) trim L= Lh, Vya,8_,8,m)

—>

D=0DCh, V, a, Gc) constraint D = D(h, V,qa, ac, GN’ n)

The kinematic and dynamic equations have the following functional

relationships:

18
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!.I=X(V, Y, X)

Y = YV, v, )

h = h(V, v)

V=vh,v, Y, a8, L8, )

; = ;(h, v, v, a,GC ’6N s Ty H)

Y = Y(h) v’ Y‘ a)GC ’6N ’ ‘"’ p)

The aircraft performance computer program used in this study
utilizes point performance optimization, treating the kinematic
equations as integrals of motion and the dynamic equations as the
differential system. To accomplish this, the aircraft's downrange (X)
and crossrange (Y) locations along with its altitude (h) and velocity
(V) must be known prior to optimization. Since the program already has
routines to optimize the various aircraft performance parameters with
altitude and velocity, the optimization of the aircraft's performance
with thrust vectoring can be considered as a point sub-optimization
problem, or an optimization within an optimization.

Of the twelve state and control variables, seven remain unspecified
and are considered dependent variables. Since there are four equations
in the differential system (including the trim constraint equation),
there are three degrees of freedom in which to optimize the aircraft's
performance (9: 48-51). By restricting flight to the vertical and
horizontal planes and defining a phase of flight by constraining certain
variables within that plane, the number of degrees of freedom in which

to optimize the aircraft's performance can be reduced significantly.
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Flight in the Vertical Plane

This category of trajectorles 1s represented by a vertical plane of

symmetry which implies

N Y = constant (27)
s

o

R u=20 (28)
3

o Equation (27) implies that Y = 0, and equation (21) implies that

i X = X = 0. The equations of motion become

-~ X=Vcos Y (29)

‘ h=VsinY (30)

V=%[T cos(Sy+ T+ a) - D - W siny] (31)
Y= g [Tein(8,+ T+ a) + L - W cosy] (32)
o N
F-': wv
? x =0 (33)
';'.'.l 0= le[LC cosa + D sina]+ 1. [L_ sino - D_ cosa]

2
+ le[T sin( (SN + 1)) + 1N2[T COS(5N +T )] (34)

Rewriting, the remaining equations of motion are

20
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X =VcosY (35)

h=Vsin Y (36)
v =§-[T cos(8y+ T+ o) =D - W siny] (37)
y= & [T sin(s, + T +a) + L - W cosy] (38)
WV N
0= lcx[Lc cos® + D, sin?] + 1cz[Lc sin® - D, cos?]
+ 1N [T sin(GN +1 )] + 1N [T cos(GN +1)] (39)

X z

This reduced system of equations for flight in the vertical plane has
two kinematic relationships and three dynamic equations. Of the
seven dependent variables previously unspecified for point performance
optimization, five variables —- 7, 6y, ,8_ and Y -- remain
unspecified, yielding two degrees of freedom.

One common application of flight in the vertical plane is that of
straight and level flight, where the flight path angle (Y) and its
derivative (&) are set to zero. This implies that the aircraft will

maintain a constant altitude during this flight phase. The equations of

motion reduce to

X=V (40)

VaS [T cos(8y+ T+a) -] (41)




s B

£

0=Tsin(Sy+ T+a)+L=~W (42) f:
N :1 (
2 '

0=1 [L cosa+ D sina] +1 [L sina - D_cosa) &
!! c, © c c, ¢ c -
w )
R + le[T sin(GN +1)] + lNz[T cos(dN +71)] (43) :i
~ t}
:? s

with dependent vatiableS‘n,GN , o and Gc. Two cases of straight and

o level flight are of primary interest to the aircraft performance Ei
;2 engineer —- acceleration and cruise. Although the equations of motion EE
G are the same, the techniques involved in finding the aircraft's optimal '&
E& acceleration and cruise controls are entirely different. :E
. In the case of maximizing an aircraft's acceleration, the throttle tz
'i setting control variable 1Is set at some constant value (normally at the "
5 maximum == 7= 1 for maximum acceleration). This reduces the number of E;
. dependcnt variables to three (GN, a and5c ), but since the performance {.
!Z parameter to be optimized (6) is solved for explicitly in the first fw
'\ dynamic equation (41), the number of equations in the differential Ei
E: system 1s also reduced by one. The resultant differential system has :i
- three dependent variables and two equations, leaving just one degree of -
Q: freedom in optimizing the aircraft's acceleration capability. Since fE:
Ej this study is interested in finding the effects of thrust vectoring on Ei

the performance of an aircraft, the one control variable chosen to be

:% the degree of freedom is the nozzle deflection angle (GNx

i In the constant altitude cruise case, the throttle setting (w) is

»h o

- the parameter that is to be minimized. Since the cruise condition is a o
b

k% Y

= 3
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non-accelerating flight phase, the aircraft's acceleration (V) must be

set to zero. The throttle setting appears explicitly in all three

B dynamic equations but also appears implicitly in the first two as a
& functional dependency. Thus the differential system has four dependent
4 variables and three equations, leaving just one degree of freedom.
h)
- Again the nozzle deflection angle is the control variable that 1is chosen
ji to be the single degree of freedom.
-~ The traditional equations of motion for level flight in the vertical
. plane neglect the angle of attack and thrust vector angle contributions:
- :
X =V (44)

: v=£&r-o (45)
i

N L=W (46)
N

- Since the alrcraft weight is known, the 1ift, drag and subsequently the
. aircraft's acceleration or cruise throttle setting are easily calculated
W
Cj -- results from a system of equations with no degrees of freedom.

(] Another common application of flight in the vertical plane 18 that

g of climbing flight, where the parameter to be optimized is the time rate
:E of change of the altitude or climb rate (ﬁ). The climb rate is solved

M_ for explicitly in the second kinematic equation but can be inserted into
:;: the first dynamic equation by a direct substitution. The equations of

" motion reduce to
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X =V cos Y (47)

) \' W e

h=w[Tcos(6N+T+a)-D-§V] (48)

; = £ [Tsin(S_ + 71T +a)+ L~ W cosy] (49)
WV N

0=1 [L cosa +D sina] +1 |[L sina - D cosa]
e, ¢ c c, ¢ c
+ le[T sin(8y +1)] + lNZ[T cos(8y +1)] (50)

An alternate way of expressing the climb rate is

[T cos (6N + 1 + a) - D] v

h = = (51)
1+ L dv W
g dh

where —-%% is the acceleration correction term. For climbing flight at

a constant true airspeed, the acceleration terms are zero:

VW' v ' vdv
W[g V] = g A -E'a— h=20 (52)
W v odv

or g’V =0 and g dn = 0 (53)

The equations of motion for non-accelerating climbing flight become

X=Vcos Y (54)
24
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- % [T cos(8y + T + a) = D] (55)

£ -
w [T sin(dN + t+a) +L =W cosy] (56)

< .
H

0=1 [L cosa+ D sina}] +1 |[L_ sino - D cosa]
c © c c ¢ c

+ le[T sin(GN +1)] + lNz[T cos(GN +71)] (57)

The climb rate equation (55) is identical to the equation for the
alrcraft's level acceleration (41) when multiplied by a constant factor.
Since the non-accelerating climb rate and level acceleration are the
parameters to be optimized in their respective cases, their
optimizations should result in the same values for the control
variables.

This relationship between the constant altitude acceleration and the
non-accelerating climb is the basis for the specific energy concept
described by Rutowski (10). 1In his approach to the performance problem
using energy concepts, the author computes the time rate of change of

the aircraft's energy in terms of its climb rate and acceleration:
d E : v/ \'
E?(W) =P_=h+ E'V = [T cos(8y + T +0a) - D] (58)

v
For the constant altitude case, P, = g V. For the non-accelerating

case, P_ = h. Optimizing the specific excess power (P,) optimizes the

accelerating climb rate or the varying altitude acceleration providing
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"the desired simplification with no loss in accuracy.”

Since the optimization of the specific excess power can be done by

the techniques developed for the level acceleration, the dynamic

equation for the time rate of change of the flight path angle (y) 1is not

used when optimizing climb rate.

This parameter can be calculated,

however, for the non—accelerating climb by making use of the

relationship between the climb rate and the flight path angle:

h =V sinYy

(59)

Once P, and h are optimized by the techniques developed for the level

acceleration, the flight path angle and its derivative can be calculated

directly.

The traditional equations for non—accelerating flight in the

vertical plane neglect the angle of attack and thrust vector angle

contributions:

X =V cosY

h =V ginY =

Once the optimal climb rate is found, the

\')
w (T - D)

W cosY)

derivative are easily calculated.

(60)

(61)

(62)

flight path angle and its

.
P

.{ s f.‘{".



Flight in the Horizontal Plane

This category of trajectories 1is represented by the mathematical

condition
h = constant (63)

Equation (63) implies that h = 0, and equation (30) implies that

Y=Y = 0, The remaining equations of motion are

X =V cos X (64)

Y =V sin X (65)

V=5 [T cos(5y + T +a) - D] (66)
W N

x = & [T sin(8,, + T + a) sink + L sin¥] (67)
Wv N

C=T sin(éN + T+ a) cos + L cost = W (68)

0= 1CX[LC cos® + D, sin®]+ 1, [L, sin® - D, cos®]
A

+ le[T sin(Sy + )] + lNz[T cos(S + 1)] (69)

This reduced system of equations for flight in the horizontal plane has
two kinematic relationships and four dynamic equations. Of the seven

dependent variables previously unspecified for point performance

27
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optimization, six variables —- 7,8, o, 8 U andX -- remain

unspecified. The heading angle (X) is only used in the kinematic
relationships and is not included in the dynamic equations, so the
differential system has only five dependent variables, yielding one
degree of freedom.

A common application of flight in the horizontal plane is that of
the instantaneous turn, where the aircraft is accelerating or
decelerating (6 # 0). This implies that the aircraft will maintain a
prescribed turn rate at the specified throttle setting but will not tura
at a constant altitude, constant velocity combination (energy state)
during this flight phase. Since this study restricts the aircraft to
turn only in the horizontal plane, the altitude must remain constant and
any change from the initial energy state will be reflected in a change
in velocity. By maximizing the aircraft's acceleration (or minimizing
its deceleration), the aircraft's energy gain (or loss) is optimized.
The performance parameter to be optimized (%) is solved for explicitly
in the first dynamic equation (66), so the number of equations in the
differential system is reduced by one. Since the throttle setting is
specified, this leaves one degree of freedom: the nozzle deflection
angle (GQ.

Another application of flight in the horizontal plane is that of the
sustained turn, where the aircraft is not accelerating or decelerating
(6 = 0). This implies that the aircraft will maintain a constant
altitude and velocity during the flight phase. The equations of motion

reduce to
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X =YV cosX (70)
Y = V sinX (71)
0=Tcos(Sy+T+a) =D (72)
g .

X = wv [T sin( Nt o +a ) sin¥ + L sinu] (73)
0='rsin(6N+T+a) cosh+ L cogl - W (74)

X
4 lNX[T sin(8 o +7)] + lNz[T cos(<5N +1)] (75)

0= lc [Lccosa+ D, sina] + lcz[LcsinOt - Dccosa]

with dependent variables T, GN s &y Gc and ¥, There are two cases of the

sustained turn flight phase that are of primary interest to the aircraft
performance engineer -- the maximum sustained turn rate and the minimum
throttle setting required to maintain a specified sustained turn rate.
Although the equations of motion are the same, the techniques involved
in finding the maximum sustained turn rate and the minimum throttle
setting are entirely different.

In the case of maximizing the aircraft's sustained turn rate, the
throttle setting control variable is set at some constant value
(normally at the maximum -- 7 = 1), This reduces the number of

dependent variables to four (8y, a, 8. and u), but since the performance

Cc

parameter to be optimized (x) is solved for explicitly in the second

29
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dynamic equation (73), the number of equations in the differential
system is also reduced by one. The resultant differential system has
one degree of freedom and again will be chosen to be the nozzle
deflection angle.

In the case of finding the minimum throttle setting required to
maintain a specified sustained turn rate, the throttle setting appears
explicitly in all four dynamic equations but also appears implicitly in
the first three as a functional dependency. Thus the differential
system has five dependent variables and four equations, and will use the
same control variable as the degree of freedom as the other turn cases.

The traditional equations for turning flight in the horizontal pliane

neglect the angle of attack and thrust vector angle contributions:

o=l (76)
i =V cos X (77
; = V sin X (78)
(r-%[r-n] (79)
S8 g8 2 k!

X =t Lsink = ¢ [0 - 1] (80)

For a sustained turn the thrust is equal to the drag, which determines
the load factor through the drag polar and in turn determines the turn

rate., For an instantaneous turn the specified turn rate determines the

30
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‘ load factor, which in turn determines the drag and the aircraft's
acceleration.
Summary

g Restricting flight to the vertical and horizontal planes greatly

L9

) reduces the magnitude and complexity of the aircraft performance

-3

% problem. Applications of this study reduces the flight in the

- vertical and horizontal planes to optimization problems with one degree

of freedom.
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IV. Aircraft Performance Computer Program -

NSEG (11), a segmented aircraft performance analysis program widely ;

in use throughout the Air Force, uses the traditional equations of ,f
motion to calculate an aircraft's performance capability. Implementing n
the full equations of motion discussed in Section III would require a ?
14

ma jor overhaul of the existing equations which would necessitate a 3
»

complete checkout for all applications. On the other hand, adjusting v
the thrust and drag data to account for the changes in the equations of jx
motion would leave the existing equations intact while only changing the R
data lookup routines, Currently, the aircraft's aerodynamic drag data i
is input as a function of the required 1ift force, Mach number, _!
altitude, drag index and center of gravity. The engine's propulsion S
x

characteristics (net thrust and fuel flow data) are input as a function v
of power setting, Mach number and altitude. 2v
I.T‘

The NSEG program utilizes a thrust-drag accounting system that -:

o

treats the airframe and throttle-dependent drags (ram, spillage and

nozzle drag) as separate and unrelated. This system, when coupled with 4;
<
the small angle of attack and thrust vector angle assumptions, reduces *;
i
Miele's equations of motion (20-25) to the traditional equations of &
motion (60-62 and 76-80), where the thrust (T) is actually the net -
thrust (FN) defined by :f
r"

an

FN = Fg - Dram - Dspillage -D nozzle (81) 3

'J"

s
Rt

and {s the resultant propulsive effort of the engine. The thrust and W
drag appear in the traditional equations of motion only as the quantity %
32 3
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(T - D), which renders the thrust-drag accounting system arbitrary as
long as it remains consistent.

This thrust-drag accounting system becomes very important, however,
when the complete equations of motion are used. In this case, the
thrust (T) is the engine's gross thrust (Fg), which is the actual force
being exerted through the nozzle. The total drag (D) will then have to
include the throttle-dependent drags as discussed above. As the gross
thrust 1s vectored through a positive angle ((5N+ T +a), there 18 a
loss in thrust corresponding to a gain in 1lift. To illustrate this

point, part of Figure 1 is repeated here with additional definitions.

¥ 5‘{"‘ \

Lcosy /7"
< xS
v
Y

T Horizon

Figure 4 — Thrust's Contribution to Lift

When (GN-+ T-Fa) = 0, the engine's propulsive force is just Fo. When
(GN + T +0a) > 0, the propulsive force along the flight path is
Fg cos(Sy + T +a). The loss in thrust along the flight path is then

the difference between these two forces:
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F = Fg [1- cos(6N + T +a)] (82)

In flight, this loss in thrust may be expressed as an increase in drag.
In drag coefficient form, this increase is given by
F [1 - cos (GN + 1+ 0a)]

g
AC =

(83)

The corresponding increase in lift due to vectoring the thrust, as shown

in Figure 4, is

AL = Fg sin(SN +1+a) (84)

In 1ift coefficient form, this increase is given by

F sin (§,_. + 1 + a)
sc = £ 2N (85)
L p V™S

The total lift and drag can then be expressed as

CL = CL + ACL (86)
aero
Cp=C + AC] (87)
aero
where CL is the 1ift generated by the aircraft's aerodynamics and C
aero aero

is its corresponding drag. For v = 0, NSEG's traditional equations of
motion and thrust-drag accounting system defined by equation (8l), along

with these ad justments to the aerodynamic data will provide the same
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results as 1f the complete set of equations of motion were reprogrammed
into NSEG. The required data now includes the aircraft's aerodynamic
data and the engine's net thrust and fuel flow characteristics as
before, as well as the aircraft's 1ift curve slopes and the engine's
gross thrust characteristics. The program uses the gross thrust data to
adjust the aeodynamic data accordingly and uses the net thrust as
before. For VvV # 0, the turn rate equation (24) and the time rate of
change of the flight path equation (25) each have an additional term to
be considered and programmed. Since V has been determined to be zero
for this aircraft in Section III, the V= 0 case has not been addressed.

Included in the programming changes to account for thrust vectoring
is the trim constraint equation (26). The moment induced by vectoring
the thrust is counteracted by inducing an equal and opposite moment with
the canard. With the canard deflection, additional 1lift and drag are
added and taken into account in C and C; respectively. The

aero aero

thrust (T) in the trim equation is actually the gross thrust (Fé) being
exerted through the nozzle that creates the moment about the center of

gravity.
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V. Optimization Techniques

As discussed in Section III, the aircraft performance problem can be

broken down into several distinct phases of flight, each of which are

I G P
'ASL"

one degree of freedom optimization problems. Since the functional form

of the performance parameters to be optimized are not explicitly known,

[ - numerical techniques must be used to search for the optimal control F
i. values. Two techniques —— equal interval search and quadratic |
;3 interpolation -~ were coupled together to provide an efficient and
B effective optimization algorithm with an acceptable interval of
25 uncertainty.

o The equal interval search technique was used to find the interval in
3: which the optimal solution is located. In this procedure, the control
ii variable chosen to be the degree of freedom is set at some lower bound
and is incremented until an upper bound is met or until an optimal
12 interval has been detected. At each point, the performance parameter to
be optimized is calculated and compared to its value at the previous
!! point. The optimal interval is detected when the performance parameter .
t: calculated 1s not the optimal value when compared to its previous value. E
B The optimal interval is then defined as the interval bounded by the :
;z points on either side of the optimal solution determined by the equal ;
interval search. -4
- "
2: The quadratic interpolation technique uses the three points that K
o define the optimal interval along with their functional values to 4
) determine the coefficients of a quadratic equaiion that approximates the ,
Eg performance parameter function in this interval. By elementary V

calculus, the optimal control value can then be determined analytically

36
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and the optimal performance parameter value can be calculated directly.

Using a second order Lagrangian interpolation polynomial, the quadratic

X equation can be represented by

R

L F(x) = ax’ + bx + ¢ = F(x) + Fp(x) + Fy(x) (88)
K where

=

- X-X X=X

’ Fi(x) = 2 3 £(x)) (89)
" 7% *17%3
-

= Fp(x) = 1 %3 £(x,) (90)
“ P —

. X2 Xl x2 X3

Fy(x) = R U £(x,) (91)

i& ¥37% *37%

'E Equating coefficients, the quadratic equation's coefficients are found

) to be

!? a = (x3—x2) f(xl) + (xl—x3) f(xz) + (xz—xl) f(x3) (92)

(xg=x)) (x37x)) (xp=x)

:S b = (x2+x3)(x2-x3)f(x1) + (x1+x3)(x3—x1)f(xz) + (X1+X2)(X1-x2)f(x3) (93)
< (x3=x1) (x4=%,) (x,-%))

e
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i
‘ ) X, 3(x3 x2) f(x ) + x1x3(x x3) f(xz) + xlxz(x xl) f(x3) o)
j _ c (x3 1&(1)(x3 2)(x2-x1) r

The quadratic equation is then differentiated once and set to zero, and

g

the optimal control value is easily determined:

2

- F(x) = ax + bx + ¢ (935)
. -:\
S
K)
L) ]
) 1: F(x)=2ax+b=20 (96)
[

-2 Equation (89) implies that
. i b

i Xopt = T 2a (97)
.
. Even though this optimization algorithm is not the best algorithm
i’ . that could be used to find a function's optimal value, it was used
A because the NSEG program already utilizes the quadratic interpolation
) “‘f‘
A technique in optimizing simple functions. In these existing
LN X applications, NSEG systematically picks three points in a given

- interval, calculates their functional values, and "curvefits” the

W :-: function to find an approximate optimal solution. The equal interval

search and quadratic interpolation techniques were coupled together in

this new application so that a fairly accurate optimal solution would

. result,

| ©
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VI. Results

Since the objective of this investigation is to determine to what

extent a highly-maneuverable aircraft's overall performance capability

is enhanced by thrust-vectoring nozzles, the results are shown against a

baseline configuration with non-thrust-vectoring nozzles such that a

direct comparison can be made. The results are shown for three cases:

Case 1: Results from using the traditional equations
of motion with angle of attack and thrust
vector angle neglected

Case 2: Results from using the complete equations of
motion with no thrust vectoring

Case 3: Results from using the complete equations of

motion at the optimum nozzle deflection angle.

With the thrust-vectoring nozzles being used in flight to enhance
the aircraft's combat maneuverability, the results are shown for various
points throughout the air battle arena. Parrott (12) defines the air
battle arena as the part of the fighter aircraft's envelope in which
most of its close~in combat maneuvering takes place. The air battle
arena definition assumes a threat engagement at a high velocity, high
altitude condition. As the dogfight develops, the aircraft dissipates
its energy by maneuvering outside of its sustained envelope and
eventually ends up at a low velocity, low altitude condition. In order
to be effective in a dogfight, the aircraft must be able to maneuver

without excess energy loss and must be able to disengage from the
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opponent at any time. This requires high sustained load factors and
high level flight acceleration capabilities throughout the air battle T
arena.

Figures 5 and 6 illustrate the F-15 STOL's air battle arena
superimposed on the aircraft's sustained envelope for various load

factors. Tables 1 through 9 show the results for the critical Mach-

altitude points of the air battle arena for the cases previously
discussed. Appendix B contains graphical data for the first case and
Appendix C contains graphical data for the second and third cases.
Appendix D contains graphical data for subsonic, high altitude, long
range cruise conditions for mission range comparisons. The units for

the different aircraft performance parameters are as follows:

Specific Excess Power (PS) : ft/sec
Sustained Load Factor : g's
Sustained Turn Rate : (Vsec
Thrust Required : 1b
Specific Range : NM/1bg

Figures 27 through 34 show that an aircraft's sustained load factor
and turn rate are significantly improved through the use of thrust
vectoring, especially at low altitudes and low velocities. The tables
of results quantitatively show an increase in sustained load factor as
much as 0.5 g at maximum A/B power and 0.25 g at military power, and an
increase in sustained turn rate as much as 1.5o /sec at maximum A/B and

o
0.5 /sec at military power in the air battle arema. Figures 35 through

40
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RO

42 show that an aircraft's specific excess power is increased

-4

substantially through the use of thrust vectoring, especially at higher

v
]

load factors. The aircraft's specific excess power 1s shown unchanged

x
P Y

- at level 1 g flight., Figures 43 through 46 show that lower thrust is
\ |! required to sustain a specified load factor with thrust vectoring,
.: i especially at lower speeds that are not part of the air battle arena.
f ;f Figures 50 through 52 show that the aircraft's high altitude, subsonic
198 wt!
cruise performance is improved slightly with thrust vectoring.
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h
h TABLE 1
‘ Results: M = 0.7/10,000 feet
Case 1 Case 2 Case 3
'l
) Military Power
' B @ 1g 266 267 267 @ 0°
) (o
PS @ 3g 188 190 194 @ 6
-. o
: P @ 5g -48 -30 9 @ 14
o]
- Sustained Load Factor 4,74 4.83 5.04 @ 14
o Sustained Turn Rate 11.3 11.6 12.1 @ 140
(o}
L. %Z Thrust Required for 55.0 54,1 53.5 @1
' 3g Sustained Turn
N
Maximum A/B Power
- P Q1g 687 687 687 @ 0°
P, @5 372 401 442 @ 8°
y
; P, @9 -1255 ~1064 -678 @ 25°
. Sustained Load Factor 6.28 6.47 7.10 @ 21°
’ Sustained Turn Rate 15.2 15.6 17.2 @ 21°
b
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]
ﬁ TABLE 1II .
Results: M = 0.8/10,000 feet
Case 1 Case 2 Case 3
¥ :
Military Power 0
3 K
3 P_ @ 1g 259 259 259 @ 0° :
o]
= P_ @ 3g 201 202 204 @ 3 "
" P @ 5g 51 56 65 @ 8° x
= Sustained Load Factor 5.38 5.45 5.65 @ 10° 3
‘ Sustained Turn Rate 11.3 11.5 11.9 @ 10°
. :
o Z Thrust Required for 57.6 57.5 57.1 @ 4° )
} 3g Sustained Turn o
i Y
Y
Maximum A/B Power -
2 P_@lg 794 794 794 @ 0°
u P @5g 587 594 606 @ 5°
- P, @ 9g -595 -484 -169 @ 21° b
i‘.‘:- Sustained Load Factor 7.59 7.78 8.43 @ 19° -
Sustained Turn Rate 16.1 16.5 17.9 @ 19° 5
o .
2
“‘- -
]
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=
A
I
Military Power
.
:‘:‘ Py @ 1g
P, @ 3g
- s
. P, @ 5g
T Sustained Load Factor
Sustained Turn Rate
?j Z Thrust Required for

3g Sustained Turn

Maximum A/B Power

N P, @ 1g
P, @ 5g
!! P, @ 9g
-7, Sustained Load Factor

Sustained Turn Rate

PR -‘--_: - “1 T R RIS T NN T
N S NI IS A Y A % N 1S T

Results:

TABLE III

Case 1

232
181
58
5.55
10.4

67.0

906

732

8.86

16.7

46
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Battdal

M = 0.9/10,000 feet

Case 2 Case 3
232 232 @ 0
183 184 @ 2°
61 67 @ 6
5.61 575 @ ¢
10.5 10.8 @9
66.6 66.4 @ 2
906 906 @ 0
737 747 @5
19 164 @ 15°
9.00 9.00 @ 17°
17.0 17.0 @ 17°
"vﬁfql’~~ﬁi?:£j§3;: oA e
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v
P

3
N TABLE IV
h Results: M = 1,0/10,000 feet
.
Case 1 Case 2 Case 3
’ Military Power
E P, @ 1lg -6 -6 -5 @1°
P, @ 3g -96 -94 -86 @ 6°
£ P, @ 5g -283 ~278 ~252 @ 10°
:(; Sustained Load Factor - - -
- Sustained Turn Rate - - -
;‘;2: Z Thrust Required for - - -
w 3g Sustained Turn
l- .
i Maximum A/B Power
'ti P, @1g 837 837 838 @ 1°
H P, @ Sg 560 569 603 @ 7°
-! P, @ 9g -291 ~248 -65 @ 15°
§_: Sustained Load Factor 7.98 8.13 8.73 @ 16°
" Sustained Turn Rate 13.6 13.8 14.9 @ 16°
¥,
|-




TABLE V

M = 0.8/20,000 feet

Military Power

P_@1g

P_ @ 3g

P, @ 5g

Sustained Load Factor
Sustained Turn Rate

X Thrust Required for
3g Sustained Turn

Maximum A/B Power

P, @ 1g
P, @ 5g
P, @ 9g
Sustained Load Factor

Sustained Turn Rate

LN

N e . T
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i TABLE VI

Results: M = 1.0/20,000 feet

! Case 1 Case 2 Case 3

Military Power

P_GQ1g 51 51 52 @

P_@3g -80 -77 -67 @

[

ST

P_@ s5g -399 -386 -337 @

Sustained Load Factor 2.03 2.05 2.12 @

| 3%

Sustained Turn Rate 3.1 3.2 3.3 @
A
- % Thrust Required for - - -

3g Sustained Turn

Maximum A/B Power

- P_@1g 664 665 665 @

E P_ @ 5g 214 236 300 @
P_ @ 9g -1099 -995 -789 @

: Sustained Load Factor 5.82 5.95 6.44 @

- Sustained Turn Rate 10.2 10.4 11.3 @

3

I

2
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A
-
o TABLE VII
. Results: M = 1,2/20,000 feet
B,
Case 1 Case 2 Case 3
=
Military Power
2 P_@1g 525 525 ~-525 @ 0°
P @ 3g -539 -537 -534 @ 5°
” s
-~ P_@ 5g -815 -806 -763 @ 13°
* Sustained Load Factor - - -
“
Sustained Turn Rate - - -
% Thrust Required for - - -
3g Sustained Turn
Maximum A/B Power
P_@1g 410 410 410 @ 0°
P_@Q 5g 121 136 192 @ 8°
P_@ 9 -1262 -1175 -889 @ 21°
Sustained Load Factor 5.50 5.63 6.07 @ 12°
Sustained Turn Rate 8.0 8.2 8.9 @ 12°
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; TABLE VIII
i Results: M = 0.9/30,000 feet
oS
" Case 1 Case 2 Case 3
% Military Power
@ P_Q1g 144 144 144 @ 0°
P_@3g -18 -12 7@10°
o o
- p_G@ Sg -698 -651 -474 @ 27
- Sustained Load Factor 2.89 2.94 3.05 @ 10°
l{‘i Sustained Turn Rate 5.6 5.7 5.9 @ 10°
iE}'. Z Thrust Required for - - 99.9 @ 10°
- 3g Sustained Turn
lﬁ Maximum A/B Power
P_@1g 479 480 480 @ 0°
P_@5g -362 -286 -92 @ 20°
P_@ 9g -5592 -4777 -3092 @ 48°
Sustained Load Factor 4.23 4.34 3.71 @ 19°
Sustained Turn Rate 8.5 8.7 9.5 @ 19°
51
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) 'y =

Results:

Cage 1
Military Power
Py @ 1g -592
Py @ 3g =701
P, @ 5g -1197
Sustained Load Factor -
Sustained Turn Rate -
% Thrust Required for -
3g Sustained Turn
Maximum A/B Power
P; @ 1g 378
Py @ 9g -2366
Sustained Load Factor 4,27
Sustained Turn Rate 5.5
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TABLE IX

M = 1.4/30,000 feet

Case 2

-592
-698

-1177

378
-191
-2215
4.36

5.6

Case 3

-592 @ 0°
-691 @ 7°

-1078 @ 14°

378 @0°
-74 @13°
-1733 @ 23°

4.71 @ 12°

6.1 @ 12°
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VII. Conclusions and Recommendations

Two major conclusions are drawn based upon the results of this study:

Thrust-vectoring nozzles can substantially increase a fighter
aircraft's turning performance throughout the air battle arena.
The + 20O nozzle deflection angle constraint would limit

the aircraft's optimal performance in only a few instances.

Level 1 g flight does not benefit from the use of vectored thrust
since the aircraft's wing loading 1s small compared to that of

turning flight.

recommendations are offered for future research:

This study concentrated on the air-to-air combat applications of
a fighter aircraft's performance. Air-to-ground applications

should be investigated for the ordnance delivery scenario.

Investigate the class of aircraft that might utilize thrust
sideslip vectoring and sideforce generation and the type of

trajectories that may result.
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Results for Subsonic Cruise
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